Epiboly represents the process by which keratinocytes migrate to envelop a surface. The authors have been investigating a living bilayered skin construct (BSC) that is used in the treatment of lower extremity wounds due to venous insufficiency and diabetes. The construct demonstrates epiboly after injury and incubation in vitro, and this model may be useful for studying epidermal migration and the process of skin maturation. Punch biopsies of the construct in vitro were cultured and immunostained for specific keratins at baseline and at 24 to 72 hours. For comparison, skin biopsy specimens from human chronic venous ulcers and acute healing wounds were similarly processed. The authors found that K1 and K10 were fully expressed in the epidermis of the fully epibolized surface on BSC. K1 was also present in the migrating edge of specimens, whereas K10 was not detectable. K16 and K6 were evident in normal skin and the epibolized area of the construct; K6 expression was very prominent in the migrating edge. Importantly, K17 was distinctly limited to the epibolized surface and the migrating edge, and its expression was very similar to that observed in healing human wounds. In conclusion, differential expression of keratins in this epiboly model closely reflects in vivo studies and supports keratin specificity in the processes of migration and differentiation of new epidermis. Therefore, these findings provide further and important validity for the study of epithelialization and the hope of developing prognostic markers for venous ulcer healing.
Background
Wound healing is recognized to occur through 3 stages: inflammation, tissue formation/cell proliferation, and remodeling. 1 Reepithelialization usually begins through keratinocyte migration from stratified epithelia at the wounds' edges, followed by further proliferation and differentiation of the keratinocytes. 2 We have recently introduced the use of a living bilayered skin construct (BSC) as a model for studying keratinocyte migration in vitro. We have demonstrated that the epidermal layer of BSC injured and incubated in vitro migrates around the underlying dermis, a process known as epiboly. Epiboly can be considered a form of neoepidermis. Previous experiments have established the specificity of epiboly, which can be blocked by antibodies to certain cytokines and growth factors. 3 We have proposed that the epiboly model may be helpful in understanding the roles of the various components involved in the process of epithelialization. In this study, for clinical purposes, we focused on the expression of certain keratins critical to epidermal migration and proliferation. Several studies have examined the expression of various keratin intermediate filaments in the process of keratinocyte migration during in vivo wound healing. [4] [5] [6] [7] Demonstrating a parallel pattern of keratin expression in wound healing model systems serves to strengthen their relevance to the actual wound healing process and increases a model's validity for addressing mechanistic questions. Among other Original Research mechanistic studies and techniques, such studies have been employed to test various recent models of wound healing. 8, 9 Similarly, if the epiboly process in BSC demonstrates a similar pattern of keratin expression as the in vivo situation, then it, too, can be further qualified as a valid model.
Keratins are intermediate filament proteins found in epithelial cells. They are classified into type I and type II keratins, depending on their genomic structure and nucleotide sequence homology. 10 Type I keratins, labeled K9 to K20, are acidic and have low molecular weight, whereas type II keratins, labeled K1 to K8, are basic and have high molecular weight. Keratins appear as heterodimers in a pattern that is tissue and differentiation specific. 11 Proliferating progenitor cells in the basal layer of the epithelium demonstrate K5 and K14 expression. As proliferation slows and differentiation increases in epidermal cells migrating upward into the suprabasal layers, K1 and K10 are more prominently expressed. 6 Thus, K1 and K10 are considered to be markers of terminal differentiation. Table 1 is provided as a summary of keratin expression, displaying if and in which layers specific keratins are present in normal skin, epiboly, and the migrating edge. On injury, keratinocytes are activated through an orchestrated response by a number of growth factors and other signal molecules. These events, in turn, lead to activation of transduction pathways that ultimately alter gene expression in the epidermal cells at the wound's edges. K6, K16, and K17 are some of the keratins that may be expressed in the activated (ie, proliferation, migration, etc) epidermis. 12 While there is an induction of these particular keratins, there is a concomitant downregulation of K1 and K10. 10 K16 promotes a reorganization of the keratin filaments in the keratinocytes at the wound's edges, inducing a cytoarchitectural change that prepares the cells for migration. 6 K6 and K16 expression is not only limited to postinjury events and wound healing but has also been correlated with other physiological and pathological settings characterized by cell division, such as hyperproliferative cutaneous diseases including psoriasis or squamous cell carcinoma (SCC). 10 The results presented here will add to the features of keratin expression shown in Table 1 , particularly to the role of K17 in epidermal migration.
A previous study demonstrated the role of K17 in promoting contractility in the keratinocyte. Evidence for this finding lies in the detection of K17 in normal transitional and pseudostratified epithelia, such as in the urinary and respiratory tracts. 12 Other studies have reported that K17 knockout mice embryos have delayed wound closure and that K17 null keratinocytes have impaired protein synthesis and cell growth. 5, 13 These findings further support the integral role K17 plays in the process of reepithelialization.
Human wound healing studies of biopsies from acute wounds at various stages of healing have demonstrated the differentiation-specific expression of keratins. One such study noted K5 and K14 in the basal cells of the normal epithelium and suprabasally in the wound's edges. K10 was only expressed in the suprabasal layer of intact epidermis. Proliferative markers such as K16 were demonstrated in the upper suprabasal cells in newly developed epidermis; K17 was similarly distributed, although at higher levels and with more intense levels of immunostaining. 4 Another study of in vivo wound healing strengthened these observations, such as K14 basal and K10 suprabasal immunostaining in normal epidermis. In this report, we demonstrate the dynamic expression of keratins in our epiboly model of an organotypic culture model and provide useful validity and correlations with normal skin and venous ulcers wound edges. The results may also be applicable for investigating wound healing.
Materials and Methods

Bioengineered Skin and Culture Conditions
The living BSC used in these studies is a readily available bioengineered skin substitute (Organogenesis, Inc, Canton, MA). It was chosen because of the following: (a) it is approved by the FDA, (b) because of FDA regulation the BSC requires full quality control, and (c) the BSC has been shown by our group to have specific biological and molecular The solid arrow points to the site where a punch biopsy has been removed from the BSC, which is still in place on its nutrient agar. Other punch biopsies have been made but the samples have not yet been lifted. Inset: punch biopsy samples that have been harvested and placed in serum-free media.
properties, including epiboly in vitro. It should be noted that our clinical and research group has no conflict of interest with this construct and none of the authors has been or is a consultant. The BSC consists of an epidermal layer of keratinocytes over a dermal layer of fibroblasts. Both these cell types are from neonatal foreskin. 14 We have previously shown this skin construct has the ability to "heal" itself after injury and produces growth factors and cytokines in a profile that is very similar to what is observed during wound healing in vivo. 15 The BSC sits on a nutrient agar plate separated by a porous nylon membrane and is stored at room temperature for up to 10 days. In this study, the BSC was used within the first 3 days of obtaining it. Punch biopsies (6 mm) were taken from the BSC construct, and careful efforts were taken to ensure that the nylon membrane would stay behind while keeping the bilayered specimen intact. Specimens were immediately transferred to 6-well tissue culture plates, so that there were 2 to 3 specimens floating in 3 mL of serum-free medium per plate (Dulbecco's Modified Eagle's medium [DMEM]; Gibco, Gaithersburg, MD). 3 The BSC samples were incubated at 37°C and 5% CO 2 . Histological analysis was performed at baseline, 24, 48, and 72 hours; basic formalin fixation and histological processing were used.
Human Wound Biopsies
We obtained approval from the institutional review board at our facility for studying keratin expression in acute and chronic wounds in human subjects. Three patients with chronic venous leg ulcers, unresponsive to treatment for more than a year, were selected for this study. On day 1, 2 biopsies were taken; one of the wound edge of the ulcer and another of normal ipsilateral thigh skin, thus creating an acute wound on the thigh. On day 3, a biopsy was taken of the edge of the healing acute thigh wound in the same patients. Specimens underwent identical processing to the BSC biopsies as described below. This protocol has been previously described. 16, 17 Immunohistochemistry Buffered formalin (10%) was used to fix the specimens (construct, normal skin, and venous ulcer edges) for 24 hours. Specimens were then routinely processed for paraffin embedding and cut to 4-µm sections on superfrost plus slides. Specimens were deparaffinized and then blocked for endogenous peroxide. For K1, K6, K16, and K17, antigen retrieval was done using 0.01 M citrate buffer (pH 6.0), and monoclonal antibodies to these keratins were diluted 1:30 with antibody diluent (DAKO; Carpinteria, CA). For K10, proteinase K was used in antigen retrieval and a 1:50 dilution of K10 monoclonal antibody was added. Incubation with respective primary antibodies was carried out for 1 hour at room temperature. All antibodies were obtained from Novocastra, Vision Biosystems (Norwell, MA). Washes were done with 1× phosphate-buffered saline solution with 4% normal horse serum. The secondary antibody for all specimens was a biotinylated horse antimouse IgG (Vector, Burlingame, CA), diluted 1:200, and incubated for 1 hour at room temperature. Streptavidin/HRP (DAKO) was diluted 1:400 and incubated for 40 minutes at room temperature. Slides were stained with chromogen (DAKO AEC+) and counterstained with Mayer's hematoxylin (DAKO) before mounting with DAKO ultramount. Figure 1 shows the BSC on its standard nutrient agar and the methodology used for obtaining samples from it. Punch biopsies (6 mm) were made into the construct, being careful to separate these punch biopsy samples from the underlying nylon membrane that divides the construct from the agar. These punch biopsy specimens were then removed from the rest of the construct and, as shown in the inset on the bottom right, placed in tissue culture plates containing serum-free media (DMEM). Figure 2 shows a representative example of the fully epibolizing construct occurring in a time-dependent extent after a specimen has been incubated in DMEM for up to 72 hours. Figure 2 illustrates a definite neoepidermis, developed through the process of epiboly, which has migrated to envelop the dermal side of the construct. 3 Figure 3 is provided as a positive control and shows the immunostaining of K1 ( Figure 3A ) and K10 ( Figure 3B ) in important in future analysis of and prognosis for chronic wounds. Figure 5 illustrates representative findings of K17 expression in both acute and chronic nonhealing human venous ulcers. K17 is completely undetectable in normal skin ( Figure 5A ) and is restricted in a diffuse pattern to the suprabasal layer of the chronic wound edge ( Figure 5B ). These finding are in sharp contrast to the marked immunostaining of K17 in the thin basal layer of the migrating edge in both a chronic wound ( Figure 5C ) and in an acute wound ( Figure 5D ). However, once epithelialization has occurred, the new epidermis over the healed acute wound demonstrates K17 immunostaining suprabasally. This finding suggests that mature keratinocytes that have migrated and repopulated the wound bed may no longer be required for further migration and are therefore able to differentiate and move suprabasally.
Results
Discussion
In this study, we characterized that keratin immunostaining in an epiboly model of a living BSC mirrors closely the expression and localization seen in vivo with human wounds, both acute and secondary to venous insufficiency. The construct displayed a pattern of differential keratin pattern in the newly epibolized skin as well as the migrating edge. These findings were consistent with the understanding of keratin specificity with regard to differentiation and migration in vivo. Of particular notice were the following immunostaining results: (a) high K1 and K10 levels as well as K16 and K17 in the fully epibolized surface of BSC, (b) K1 but not K10 evidence in the migrating edge of BSC and wounds, (c) K6 levels high in the migrating edge, and (d) distinct K17 prominence in the migrating edge of human wounds and BSC and restricted to epibolized surfaces. Taken together, our findings strongly indicate the validity of this epiboly model for studying keratinocyte differentiation and migration. It may lead to specific prognostic factors in predicting healing of human wounds.
Keratin levels by immunostaining do not by themselves provide the entire characterization and correlation between BSC and human wounds; actual localization and suprabasilar expression are also highly informative. Thus, although K1 and K10 are molecular dimeric partners, they differ in the level and localization of suprabasal expression. K1 is found in the immediate suprabasal cell layer and is only faintly expressed in normal skin and the epibolized surface. However, K10 is limited to the high suprabasal cell layers and is much more dramatically expressed. If we equate a greater level of differentiation to farther distance from the basal keratinocytes (as a hypothesis), then K10 could be a more specific marker for epidermal differentiation. This hypothesis is further supported by the absence of K10 immunostaining in all the epidermal layers of the migrating the suprabasal layers of normal epidermis. K10 immunostaining is more apparent than that of its keratin partner, suggesting that K10 is more prominently expressed in terminally differentiated keratinocytes. Figure 3C shows K17 immunostaining markedly present in basal cell carcinoma, which provides evidence of its association with abnormal hyperproliferative epithelium. Previous studies have found that K17 is consistently present in these tumors. 18 Figure 4 represents the immunostaining in BSC for 5 different keratins at 72 hours during the process of epiboly. Each row shows immunostaining for 1 specific keratin at 2 levels of microscopic magnification (4× and 10×, respectively). Immunostaining of epiboly at 72 hours showed differential keratin expression. K1 was detected in the suprabasal cell layer both in the epibolized surface (double arrow in Figure 4A ) and its migrating edge (single arrow in Figure 4B ). As in normal control skin, K10 may be a much more prominent marker of cell differentiation, as its immunostaining at 72 hours during epiboly is greater than that observed with its K1 partner. Interestingly, K10 detection during epiboly is localized in the high suprabasal layers ( Figure 4D ) but is distinctly absent in the migrating edge (single arrow in Figure 4C ). K16 is expressed in the suprabasal layer of the epibolized surface as well as at the migrating edge. However, K6 has a differential localization, in that it is expressed only suprabasally in the original epidermis of the construct (single arrow in Figure 4H ), but is present in all the layers of the migrating edge (double arrow in Figure 4H ). Importantly, K17 immunostaining selectively highlights the epibolized epidermis and, therefore, may serve as a marker for epiboly. This latter finding may edge, whereas K10 is clearly detectable in the newly epibolized epidermis. Therefore, K10 may not be expressed until the migrating edge has further differentiated itself. In contrast, K1 is apparent in the advancing epidermal cells at the edge.
Consistent with the present findings, studies in human cutaneous wounds have shown that K1 and K10 exhibit reduced immunostaining at the edges of both acute and chronic wounds. 2, 10 More recent studies also demonstrated that, while still detectable at the wound edge, K10 is absent or diminished in the keratinocytes that have just migrated over the wound center. 4 The reduced histological levels of K1 and K10 provide further support for the validity of the BSC epiboly as a model for epidermal migration during wound healing. K1 and K10 immunostaining were largely absent in rapidly dividing cells at the epiboly migrating edge.
After acute injury, there is an upregulation of specific keratins at the wound edge, including K6, K16, and K17. 10 These keratins have also been found upregulated at the edge of chronic venous ulcers. 19 The readily detectable levels of these keratins, especially K16, has been shown to induce cytoarchitectural changes in the keratinocyte. 6 These cytoarchitectural changes correspond most likely to an activated state that prepares the keratinocyte for migration and reepithelialization. 12 The epiboly model shown in the present study supports this reported expression pattern of K6 and K16 in the migrating edge. We found that K16 was only expressed in the suprabasal layers, in agreement with previous in vivo studies. 4 Similarly, we found K6 expressed throughout all the layers of the migrating edge, but not in the basal layer, once the migrating edge has established a newly epibolized epidermis. This observation suggests that keratinocytes displaying K6 are differentiating and moving upward in the new epidermis after migration is complete.
It is important to note that K6 expression is not clearly essential to the state of keratinocyte proliferation. Studies in knockout mice using K6 null embryos do not exhibit delayed wound healing, although increased skin fragility in these animals was noted after wounding. 5, 20 In addition, while K6 and K16 enhanced immunostaining has been associated with SCC, blocking the expression of these 2 keratins does not reduce the in vitro proliferation of neoplastic cells within SCC. 21 Thus, there is no absolute proof that the expression of specific keratins plays a causative role in proliferation. We can only cautiously infer that K6 and K16 expression in areas such as the migrating edge and epiboly may be associated with hyperproliferative conditions. This hypothesis is strengthened by transgenic mouse studies demonstrating that forced human K16 expression leads to normal proliferation but alters other keratinocyte processes such as adhesion, differentiation, and migration. 22 More recent investigations also support a possible role of K16 in keratinocyte migration by demonstrating that overexpression of K16 delays wound closure, 23 which may be a consequence of aberrant heterodimerization with K6 or, possibly, K16 homodimerization. 24 We found K17 is expressed in the migrating edge of human samples, from both acute and chronic wounds and in agreement with previous wound studies. 4 K17 is markedly expressed in all the epidermal layers of epiboly and the migrating wound edge, while remaining largely absent in normal skin. The role of K17 in keratinocyte migration has been explored thoroughly. One study showed K17 confers the contractility necessary for keratinocyte migration. 12 Therefore, blocking the migratory capability of keratinocytes would delay wound closure. This hypothesis is supported by the findings of delayed wound closure in K17 null mice embryos. 5 A possible mechanism for the delayed wound closure is the previously unexpected role played by K17 in protein synthesis. 13 K17 expression is not only limited to regenerating tissue but is also observed in abnormal hyperproliferative skin diseases such as epithelial cysts, skin tumors, psoriasis, and neoplasms. 12, 25 We recently reported how various growth factors play a role in the epiboly process. Blocking antibodies to factors such as EGF, IL1α, and vitronectin decreased the process of epiboly. These factors and mediators are similarly known to affect epithelialization, demonstrating the sensitivity and specificity of the epiboly model. 3 In this study, we addressed how keratin expression changes throughout the processes of keratinocyte migration and differentiation. Our results are in agreement with expression patterns found in vivo and further validate epiboly as a model for studying the process of wound healing.
Studies will continue to analyze the similarities between the morphology of neoepidermis grown from bioengineered skin compared with human skin. The repertoire of keratin expression, among other biomarkers, needs to be investigated for mechanistic and prognostic reasons. One will need to test the performance of bioengineered skin relative to normal human skin during reepithelialization. 26 Newer modifications of living constructs using complete human components have also been validated for their proliferative and differential behavior using keratin expression patterns. 27
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
NIH NCRR COBRE Administrative and Imaging Cores, Award #P20RR018757.
